We report the observation of light-induced director reorientation under the application of an electric field in a chiral smectic A liquid crystal owing to the temperature dependence of the electroclinic coefficient. We also demonstrate the occurrence of another light-induced phenomenon that leads to optic axis rotation, whose origin is not yet clear. Finally, we show that thermal indexing cannot be neglected when fitting the experimental data.
In contrast to the situation for nematic liquid crystals, few studies on nonlinear-optical phenomena in smectics involving reorientation of the director can be found in the literature. [1] [2] [3] [4] We report what we believe is the first laser-induced reorientation of the director in the chiral smectic A phase owing to the temperature dependence of the electroclinic coefficient, as opposed to that observed by MacDonald et al., 4 which was due to the temperature dependence of the spontaneous tilt angle of the chiral smectic C phase. Moreover, we report an overall rotation of the optic axis of the sample with increasing laser intensity, and we show that thermal indexing cannot be neglected. These three effects account for the dependence of the transmission on the pump laser power of the liquid-crystal sample when it is placed between crossed polarizers.
The electroclinic effect 5 as manifested in the chiral smectic A phase is a direct consequence of the chiral character of the molecules. With the smectic layers oriented perpendicular to the bounding glass plates 6 (bookshelf alignment or planar boundary conditions) an electric field E across the cell induces a molecular tilt u ind with respect to the smectic-layer normal. The direction of the induced tilt depends on the sign of E (see Fig. 1 ), and its value is proportional to the electric-field strength E ϵ jEj through the temperature-dependent electroclinic coefficient e C :
The liquid-crystal material used in the experiments is CL-C100 from Chisso Corporation and exhibits a large electroclinic effect at room temperature. The liquid crystal is sandwiched between two parallel transparent conductive tin oxide electrodes deposited onto glass substrates. The inner surfaces of the substrates are unidirectionally rubbed, and the distance of 2 mm between them is maintained by evaporated SiO x spacers. We achieve the bookshelf alignment of the liquid-crystal layer by slowly cooling the experimental cell after filling it with the liquid crystal in the isotropic phase.
The experimental setup is a standard pump -probe arrangement like that of Ref. 7 . We monitor the polarization changes of the probe beam by placing crossed polarizing filters (P and A in Fig. 1 ) before and after the sample in the path of the probe beam. The maximum pump intensity was 10.6 W͞cm 2 , low in comparison with the intensities reported in Ref. 4 . The applied electric field was a square-shaped ac field of very low frequency (0.1 -0.5 Hz) -also called a quasidc field -that caused the sample to switch continuously between the two extreme positions 1u ind and 2u ind (see Fig. 1 ). By turning the sample around the beam axis we select one of these states (2u ind in Fig. 1 ) to coincide with the direction of the polarizer. The transmission of a birefringent crystal between crossed polarizers is generally given by
where f is the angle between the optic axis (the director) and the polarizer, d is the phase shift between the ordinary and extraordinary rays imposed by the birefringent crystal (in standard notation, d 2pdDn͞l), and I 0 is the transmitted intensity that would be obtained with parallel polarizers for the situation f 0, p͞2, p, . . . . We have ͑f 0, T 0͒ and ͑f 2u ind , T . 0͒ for the states 2u ind and 1u ind , respectively. Therefore they are also denoted by D for the dark state and B for the bright state, respectively (see Fig. 1 ). Measurements were performed of the transmission of both the dark and the bright states as functions of pump laser power and applied electric field. Because the induced tilt angle changes with the electric field [Eq. (1)] care was taken to set the sample so that the initial condition f 0 always was fulfilled for the dark state whenever the electric-field strength had been changed. These measurements are presented in Fig. 2 . Measurements taken by turning the pump polarization 90 ± by means of a half-wave plate did not show any difference. The polarization of the pump beam thus has no importance in the present experiment.
The nonlinear-optical behavior shown in Fig. 2 cannot be explained only by a change of the electroclinic coefficient owing to a temperature variation caused by light absorption. In fact, an effect is present even when no electric field is applied, i.e., when the induced tilt angle is zero. As a consequence, the overall dependence of transmission on optical power for E fi 0 must be a superposition of at least two different phenomena.
To separate these phenomena, we explicitly measured the induced tilt angle by an indirect method. 9 The results are shown in Fig. 3 . The tilt angle is found to decrease with increasing pump laser power, as expected from the temperature variation of the electroclinic coefficient when the sample is heated by absorption of laser radiation. The electroclinic coefficient was then calculated, and it showed the behavior characteristic of a temperature rise (see the inset of Fig. 3) . The expression for the electroclinic coefficient as function of temperature 10 can be adapted to laser heating by the assumption of a temperature rise dT proportional 11 to the laser power P. Then the total power-dependent temperature distance from the transition temperature T C is expressed as DT ͑P ͒ DT 1 kP , where DT T 2 T C is for zero laser power and k is a proportionality constant for the temperature rise:
where´is the high-temperature dielectric permittivity of the SmA* phase, m is a coupling constant between the ferroelectric polarization and the tilt angle that depends on the chirality of the system, and g is a critical exponent included for generality. The measured electroclinic coefficient has been fitted to Eq. (3) and is shown in the inset of Fig. 3 . The values for the various coefficients in Eq. (3) obtained from the fit are used as constants in the subsequent data analysis. The nonzero transmission for E 0 and the initial condition f 0 ± imply that the other phenomenon occurring must be a change in the direction of the optic axis of the sample with respect to the polarizer. We explicitly measured this optic axis rotation by rotating the sample manually until a minimum transmission of the probe beam was found. This was done for each pump laser power. The measurement is presented in Fig. 4 together with a curve fitted to the following phenomenological expression fulfilling the constraint c͑0͒ 0 where c denotes the angle through which the optic axis has rotated. The fitted values of a, b, and c are used as constants in the subsequent data analysis. Equation (4) along with its fitted coefficient values is now substituted into Eq. (2), with f c͑P ͒ to be compared with the transmission measurement for zero electric field. A good fit is obtained if we assume a phase shift d of the liquid crystal that is dependent on the pump power according to
where k 2100 ± ͞W. This means a birefringence dependence on the power of the order of ϳ20.1 W 21 . The negative sign suggests that thermal indexing is responsible for this phase shift variation. 11 Moreover, the value obtained for k agrees fairly well with that expected for the temperature rise indicated by the tilt angle measurements.
Finally, we can insert Eqs. (3)- (5) with their fixed coefficient values into Eq. (2) and compare the results of this calculation with experimental data for the case E fi 0. If the total angle between the optic axis and the polarizer for a particular power and electric field is written as
it is possible to get qualitative and almost quantitative agreement with experimental data. In Eq. (6) all angles are positive angles, where u 0 ͑E͒ denotes the initial setting of the sample at P 0 so as to make f 0 for the dark state, the plus or minus accounts for the dark ͑2͒ and bright ͑1͒ states, respectively, and the negative sign of c͑P ͒ denotes a counteraction to the bright state. The result of this procedure is shown in Fig. 5 for both a bright and a dark state. The qualitative features of the experimental data are indeed reproduced by this model. We have demonstrated that the above-discussed phenomena account for the following observed behavior of transmission versus pump power: (1) light-induced change of the electroclinic coefficient, (2) light-induced optic axis rotation, and (3) light-induced thermal indexing. The origin of phenomena (1) and (3) is well understood; the origin of the optic axis rotation effect remains to be settled.
Several hypotheses can be made, and further investigations need to be performed of, for example, flow-induced reorientation originated by temperature gradients in the illuminated area, photoconformational effects leading to smectic-layer spacing changes, and photoinduced changes of anchoring conditions. It is important to stress that this phenomenon cannot be induced just by heating of the whole sample. In fact, we verified this by uniformly raising the sample temperature to the isotropic phase without observing any rotation of the optic axis. Therefore this effect must be specific for the interaction between the liquidcrystal sample and the light beam. 
